Background: The reconstruction of complex pelvic trauma or developmental bone abnormalities is challenging as it involves in-depth understanding of a complex three-dimensional structure. Advances in medical imaging and rapid prototyping allow for detailed pre-operative planning and manufacture of planning models, custom jigs and prostheses to make this type of surgery manageable with good results.
Introduction
The reconstruction of complex pelvic trauma or developmental bone deformities is problematic with little in the literature by way of guidance. 1, 2 The primary goals of achieving a long-term, functioning and pain-free hip joint after pelvic reconstruction are to recreate the integrity and symmetry of the bony pelvic ring and to balance the soft tissues carefully. 3 Pre-operative planning is essential in order to achieve these goals and must be based on a precise understanding of the deformity. Two-dimensional imaging often falls short in conveying enough information about the complex threedimensional (3D) anatomy of the pelvis. The 3D capabilities of computed tomography (CT) and magnetic resonance imaging (MRI) can expand these capabilities significantly. 4, 5 However, proprietary hardware, software and services are known to be extremely costly when customised reconstructions are required. 3 This case report demonstrates that the use of 3D printing and rapid prototyping can provide affordable and personalised templates and implants, which are useful in planning and performing these technically difficult surgeries . 6 We describe below an example where this technology was used to assist in the reconstruction of a severely dysplastic acetabulum. 
Case report
A 53-year-old woman was referred to our unit for management of her right leg problem. She was born with an Aitken type C proximal focal femoral deficiency (PFFD). As a child she underwent a stump plasty, which included the fusion of her knee joint and a transtibial amputation. However, she developed a fixed flexion contracture of her right hip, which, together with an unstable hip joint, made prosthetic use and mobilisation impossible. On examination, she was assessed as having a telescoping right hip joint that was painful on weightbearing and a fixed flexion contracture of 40 degrees. She was otherwise well (Figures 1a, b, c) .
Her plain film X-rays showed her prior knee fusion and stump plasty with a dislocated and severely dysplastic hip joint (Figures 2a and b) .
The goals for her management were to provide her with a stable hip joint with adequate range of movement to allow functional mobility. It was decided that a customised proximal femoral replacement would be the most suitable option for the patient in view of these issues and her skeletal abnormality. The problems identified included the position and secure placement of the cup into a dysplastic acetabulum, and performing adequate contracture release while maintaining sufficient soft tissue balance to prevent hip dislocation and to provide motor function.
Work-up included a CT scan of the pelvis and right acetabulum in 1 mm axial slices (Figure 3) . The postimaging processing could be used to provide more information on bone defects and stock. The CT DICOM data was then converted into stereolithography (.stl) file format and imported into Solidworks 3D Computer Aided Design (CAD) Software (Dassault Systemes). The resultant bone models were then used to design a suitable prosthesis, as well as the templates and jigs The process of joining materials to make objects from 3D model data, usually layer upon layer, as opposed to subtractive manufacturing methodologies Rapid prototyping A group of techniques used to quickly fabricate a scale model of a physical part or assembly using three-dimensional computer aided design (CAD) data. Construction of the part or assembly is usually done using 3D printing or 'additive layer manufacturing' technology. required for the insertion of the implant (LRS Implants, Cape Town). Plastic models of the pelvis and the implant were printed for final approval by the surgeon (Figures 4a and b) .
Once approval was given, the custom acetabular component was manufactured from Ti6Al4V powder using Electron Beam Melting (EBM, Pro-Fit, Germany). The use of EBM, which is a form of additive manufacturing (3D Printing), facilitated rapid, costeffective manufacture of the customised component that would not have been possible using conventional machining techniques. The proximal femoral component was produced using a combination of conventional milling and turning processes (Figures 5a  and b) .
The customised acetabular component was designed to have both superior and inferior screw fixation into the pelvis. It was engineered to facilitate the cementation of a dual mobility cup (Zimmer-Biomet Avantage) into the acetabular component. Trabecular Ti6Al4V surfaces were incorporated onto the backside of the acetabular component to encourage bone in-growth for superior fixation. Custom-made jigs were used to ensure the correct reaming position of the new acetabulum and placement of the screws (Figures 6a and b) .
The surgery was performed with the patient bolstered in the lateral position and a lateral approach was used to gain access to the hip joint. After removal of existing hardware and the proximal femur, the novel acetabulum was created using the premade reaming jigs. The acetabular component was fitted into this structure using screws accurately placed by the customised drill guide (Figures 7a and b, and Figure 8 ). An Avantage dual-mobility cup was cemented into the acetabular component and a proximal femur replacement (LRS Implants, Cape Town) was performed with repair of the soft tissues. 7 We followed up on this patient one year after the operation. She scored a fair score (14/30) on her Musculoskeletal Society Tumour Score (MSTS) patient-related outcome measure (PROM) and showed good range of movement at the hip joint with values of: flexion 90°; extension 10°; abduction 45°; adduction 15°; internal rotation 20°; external rotation 20°. She presented with no fixed flexion deformity of the hip joint. She did not complain of pain at her hip joint or surgical site but was not happy with her prosthesis, which caused her a moderate degree of pain. She was happy with the appearance of her leg.
Discussion
The combination of improved imaging and computer software in medicine together with advances in rapid prototyping has facilitated the development of customised implants to solve complex surgical problems. 4, 8, 9 The many uses of this technology include surgical planning, implant-and tissue-designing, medical research, and medical education and training. 4 Revision surgery and limb-reconstruction surgery are technically demanding. 1, [10] [11] [12] There are many problems such as distorted soft tissue and bony anatomy, variable bone stock and quality, and prosthetic placement. All of these difficulties were present in this case. Performing a complex joint reconstruction under these circumstances requires careful pre-operative planning in order to achieve accurate bony cuts and correct implant positioning and fixation. The precise extent of bone deformity is difficult to assess from conventional imaging, especially in a complex structure such as the pelvis, and standard prostheses may often be inadequate to allow proper placement and stable fixation. 2, 13, 14 In response to these two problems, customised implants with the addition of plates, shaped specifically for the altered anatomy, and jigs to aid in the accurate placement of screws, have been developed. 2, 12 In the case report described above the goals of the surgery were to provide a pain-free, stable hip joint with an improved range of motion to allow for prosthetic use. The problems faced included the patient's dysplastic acetabulum and soft tissue contracture. The instruments required to perform this surgery together with the overall planning of the optimal surgical approach demand precise knowledge of bony dimensions and local variations in shape. 1 The utilisation of CT scan data and the 3D printing of the bony anatomy provides the surgeon with an accurate representation of what is present and establishes a good basis for planning the surgery.
The initial planning phase ( Figure 4 ) involved producing models of the pelvis in its current form. This was to assess the amount and position of available bone stock in order to plan the position of the acetabular cup and screws. Not only are these models able to supply quantitative and qualitative data on the acetabular defect but they also allow for a surgical rehearsal. 2 The rehearsal allows for simulating all the complicated surgical steps in advance and can help the surgeon to anticipate possible intra-operative complications. 4 This will help to reduce theatre time and allow for a smoother procedure.
The second phase ( Figures 5 and 6 ) concerned the method with which to effect the surgery simply and accurately. A jig was printed using a 3D printer that would fit onto the contour of the native acetabulum and guide the reaming of the novel hip joint. The acetabular implant is fitted into this reamed cavity. Into this would fit a second jig which would act as a drill guide for the predetermined placement of screws through the prosthesis and into good pelvic bone.
Further advantages of this type of planning reduces the amount of backup equipment and implant options often required for the complex cases.
12 Furthermore, with a better appreciation of the location of bone stock and defects, maximal host-bone contact is achieved without the use of structural allografts. 2 Disadvantages of this method include the increased cost of the CT scan and printed models. However, these costs can be offset with reduced theatre time and allograft use, smaller inventory of implants, and a decreased revision rate. 2 This process enabled a difficult surgery to be transformed into a manageable one by using accurate and well-fixed components with confidence. The surgery was performed a year ago and the patient has been fitted with an external prosthesis which allows independent pain-free functioning to date.
This software and technology is used extensively in orthopaedic oncology. It has many other potential uses, ranging from primary arthroplasty to complex trauma such as pelvic fractures. 4 As the availability of this method of performing surgery increases, its use will become more frequent. The rapid prototyping technique is beneficial not only for bone reconstructions but also for replacing soft tissues such as an auricular prosthesis. Future applications may include the production of soft tissue scaffolds for cellular growth or even entire artificial organs adapted to the anatomy and needs of individual patients.
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